The use of plant protoplast transient expression system has facilitated the discovery and dissection of many signal transduction pathways in response to hormones, metabolites, and stresses. Recently, Arabidopsis protoplasts also have been used successfully to study plant innate immune responses triggered by pathogen-derived elicitors. Here, we describe the detailed protocols for studying innate immune responses, including cell death and early defense gene regulation activated by two types of elicitors, pathogen-associated molecular patterns and bacterial type III effectors in Arabidopsis protoplasts. This cellbased system simplifies the complex pathogen-plant interactions to pure individual signals and synchronized cell-autonomous responses. The application of this novel approach provides high temporal and spatial resolution to enhance our understanding of the distinct and overlapping signaling events in pathogen-associated molecular pattern-and bacterial type III effector-activated immune responses at the molecular and cellular level.
Introduction
Plants rely on innate immune responses to launch inducible defense against bacterial, fungal, and viral pathogens upon recognition of diverse pathogenderived elicitors. The elicitors are either conserved among several microbial species (pathogen-associated molecular patterns [PAMPs] ) or specific to some races of a pathogen species (avirulence [Avr] or type III effectors). The recognition of PAMPs is likely mediated by receptor-like kinases with extracellular leucine-rich repeats. In Arabidopsis, FLS2 encodes an leucine-rich-repeatreceptor-like kinase as the receptor for bacterial flagellin (1). Avr or type III effectors are recognized by plant resistance (R) proteins to trigger gene-for-gene resistance (2). R proteins are associated with plasma membrane or localized in the intracellular cytosol or nucleus to directly or indirectly interact with avr gene products that are secreted and translocated by bacterial type III secretion system into plant cells (3,4) . So far, more than 40 R genes have been identified in diverse plant species, but the signal transduction pathways activated by R proteins are still poorly understood (3,5,6). Extensive genetic screens have led to the isolation of many important components in gene-for-gene resistance and PAMP-mediated basal resistance (5-7). However, their biochemical functions and molecular actions in defense responses are largely unknown.
It has been widely assumed that PAMP and Avr trigger mostly convergent innate immune responses, including calcium influx, kinase activation, oxidative signaling, transcription reprogramming and, in some cases, programmed cell death (8,9). Recently, analyses of global gene expression profiles have suggested that similar defense gene expression programs are shared by compatible (disease caused by virulent bacteria) and incompatible (resistance to avirulent bacteria) plant-pathogen interactions at the genome level (10). However, because the whole plant-pathogen interactions display complex responses stimulated simultaneously by a large array of extracellular and intracellular pathogen elicitors, the traditional approach provided limited resolution in dissecting the molecular mechanisms of early defense signaling events at the cellular level.
The use of transient gene expression in a cell-based system has facilitated the rapid discoveries of signal transduction pathways in many multicellular organisms. The freshly isolated Arabidopsis mesophyll protoplasts display physiological and cell-autonomous responses to a broad spectrum of signals, including light, sugar, auxin, cytokinin, abscisic acid, hydrogen peroxide, and stresses, similar to those found in intact tissues and plants (11,12). These protoplasts also have been used to investigate cell death induced by a fungal elicitor fumonisin B1 and a type III effector AvrRpt2 (13,14) . Notably, Arabidopsis mesophyll protoplasts have been developed to study plant innate immune responses, including activation of mitogen-activated protein kinase cascades and WRKY transcription factors triggered by flagellin (15). Future applications of the protoplast transient expression system could facilitate the dissection and comparison of different types of immune responses triggered by individual pathogen-derived elicitors at the cellular and molecular level. The protoplast system provides unique opportunities to explore the elusive early signaling events in plant disease resistance.
We have demonstrated that protoplasts could be transfected with bacterial avr genes under the control of a constitutive or inducible promoter, or treated with different PAMPs to study cell death, defense gene regulation, protein degradation and interaction, and kinase activation (Fig. 1) . The same approach could be used to study the functions of R proteins and other signaling components in the defense network. In combination with genetic, genomic, proteomic, and computational tools, this powerful cell-based system will broaden our understanding the signal transduction mechanisms of plant innate immunity. 
Protoplast Isolation and Transfection
Corrected Proof Copy into a 30 mL round-bottom tube. 11. Pellet the protoplasts by spinning for 2 min at 100g or speed 3 using an IEC clinical centrifuge. 12. Resuspend the protoplasts in 0.5 mL of W5 solution by gently shaking. 13. Count protoplasts using a hemacytometer under the light microscope and adjust the protoplasts in the W5 solution to a density of 2 × 10 5 /mL. 14. Keep the protoplasts on ice for at least 30 min in the W5 solution to allow recovery from isolation stress. 15. The protoplasts should settle to the bottom of the tube in 5-10 min. Before PEGCa 2+ transfection, pipet the W5 solution out and resuspend the protoplasts in MMg solution at a density of 2 × 10 5 /mL. 
PEG Transfection, PAMP Treatment, and Incubation
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14.
It is necessary to carry out a control PCR using RNA as template without RT. If a PCR product is amplified from the control reaction, this means that there is genomic DNA contamination in your RNA samples. RNA samples could be treated with RNase-free DNase I (Invitrogen) to remove DNA before RT. 15. Try to design RT-PCR primers to cover an intron so that the size of PCR product from cDNA is smaller than that from genomic DNA, or to design one primer covering the sequences from two exons, so that the primer can only anneal to the cDNA but not genomic DNA.
